INTRODUCTION
============

As a new class of regulatory molecules, miRNAs are found to play critical roles in a broad range of biological events [@B001],[@B002]. Based on computer-aided predictions, miRNAs are estimated to regulate about one-third of the human genes [@B003], including many of the tumor-related genes [@B004]. Many miRNAs are located at fragile sites or cancer-associated regions [@B005]. Maybe it explains why miRNAs could play a key role in human malignancy. miRNAs can act either as oncogenes [@B006],[@B007] or as tumor suppressors [@B008]-[@B010], as well as cancer biomarkers for diagnosis or prognosis predication [@B011]. Moreover, miR-29a is a highly conserved miRNA among different species, being expressed on the transcript from a locus at chromosome 7q32.3 which coincides with the common fragile site FRA7H [@B012]. For example, miR-29a has been shown to be down-regulated in anaplastic large-cell lymphomas [@B013], which contributes to apoptosis blockade through MCL-1 overexpression. However the expression and function of miR-29a in gastric cancer has seldom been reported yet. In this study, we report that the expression level of miR-29a is related to vascularization in gastric cancer tissues, and suppresses proliferation and invasion in SGC-7901 cells by targeting VEGF-A.

RESULTS
=======

Down-regulated expression of miR-29a in gastric cancer
------------------------------------------------------

To explore the potential role of miR-29a in gastric cancer, we performed quantitative real-time PCR analysis of miR-29a expression in a panel of fresh frozen gastric mucosa tissues (26 samples of gastric cancer without metastasis, 20 samples of gastric cancers with metastasis, and 15 samples from healthy donors) in a double-blinded fashion. We found that miR-29a expression level was significantly lower in tissues from gastric cancer with metastasis, compared with that from gastric cancer without metastasis (0.97 ± 0.05 vs. 1.26 ± 0.04, P ＜ 0.01, [Fig. 1](#F0001){ref-type="fig"}A), and miR-29a expression level was significantly lower in gastric cancer without metastasis compared with that in gastric mucosa from healthy donor (1.26 ± 0.04 vs. 1.58 ± 0.10, P ＜ 0.01, [Fig. 1](#F0001){ref-type="fig"}A).

Microvessel density is negatively related to miR-29a expression in gastric cancer
---------------------------------------------------------------------------------

Our findings revealed that microvessel density (MVD) was significantly higher in gastric cancer with metastasis than that in gastric cancer without metastasis (38.49 ± 0.39 vs. 36.29 ± 0.53, P ＜ 0.01, [Fig. 1](#F0001){ref-type="fig"}B). What's more, MVD was inversely related to miR-29a expression level in gastric cancer ([Fig. 1](#F0001){ref-type="fig"}C).

Growth inhibition of gastric cancer cell lines by miR-29a
---------------------------------------------------------

The above results suggest that miR-29a may function as a tumor suppressor in gastric cancer. To test this hypothesis, we performed proliferation assays in human gastric cancer cell line SGC-7901 and MKN-45 with miR-29a over expression. Gastric cancer cells were infected with either miR-29a expression lentivirus (Lv-miR29a) or non-specific cel-mir-67 expression lentivirus (Lv-cel, as negative control). The quantitative real-time PCR confirmed that the gastric cancer cells infected with Lv-miR29a expressed two times higher of exogenous miR29a than that infected with Lv-cel (SGC-7901: 2.20 ± 0.12 vs. 1.10 ± 1.15, P ＜ 0.01; MKN-45: 2.79 ± 0.16 vs. 1.17 ± 0.14, P ＜ 0.01, [Fig. 2](#F0002){ref-type="fig"}A). MTT assays indicated that the growth of gastric cancer cells infected with Lv-miR29a was slower than that infected with Lv-cel ([Fig. 2](#F0002){ref-type="fig"}B). At the sixth day, the absorbance at 490 nm of gastric cancer cells infected with Lv-miR29a was significantly lower than that infected with Lv-cel (SGC-7901: 0.52 ± 0.06 vs. 0.77 ± 0.10, P ＜ 0.01; MKN-45: 0.68 ± 0.04 vs. 0.88 ± 0.05, P ＜ 0.01), while the gastric cancer cells infected neither of the lentivirus showed no obviously difference from the gastric cancer cells infected with Lv-cel ([Fig. 2](#F0002){ref-type="fig"}B).

![Expression of miR-29a in gastric cancer and healthy donors. (A) HD: healthy donor; GC-NM: gastric cancer without metastasis; GC-M: gastric cancer with metastasis. (B) Microvessel density in gastric cancer without metastasis and with metastasis. (C) Relation between miR-29a and microvessel density (MVD) in gastric cancer. Each sample was analyzed in triplicate.](BMB-47-39-g0001){#F0001}

miR-29a suppresses invasiveness in gastric cancer cells
-------------------------------------------------------

The above result of significantly higher miR-29a expression in gastric cancers without metastasis than that with metastasis suggests that miR-29a may be involved in the invasion of cancer cells. To test this hypothesis, we chose human gastric cancer cell line SGC-7901 and MKN-45 because both cells also expressed lower miR-29a compared to human gastric epithelial cell line GES-1 ([Fig. 2](#F0002){ref-type="fig"}A). Matrigel chamber assays indicated that the invasion ability of gastric cancer cells was obviously reduced by exogenous expression of miR-29a (SGC-7901: 35.40 ± 1.94 vs. 46.40 ± 3.26, P ＜ 0.05; MKN-45: 31.00 ± 1.52 vs. 52.60 ± 7.00, P ＜ 0.05, [Fig. 2](#F0002){ref-type="fig"}C). The suppressed invasion by miR-29a in SGC-7901 cells suggests that miR-29a may also affect gastric cancer metastasis.

Target gene prediction of miR-29a
---------------------------------

To understand the molecular mechanisms by which miR-29a inhibits tumor cell growth and cell invasion, we searched for putative miR-29a targets as predicted by the commonly cited programs including TargetScan [@B014], DIANA-microT 3.0 [@B015],[@B016] and miRanda [@B017] online target gene prediction software and finally VEGF-A was predicted to be a potential target gene of miR-29a. Further analysis by RNAhybrid software [@B017] showed miR-29a binding VEGF-A 3'UTR with a minimum free energy of −20.2 kcal/mol, predicting the generation of a highly stable duplex ([Fig. 3](#F0003){ref-type="fig"}A). These results suggest VEGF-A is most likely a target gene of miR-29a since VEGF-A is a key regulator in angiogenesis and tumor proliferation and metastasis [@B018].

![miR-29a suppresses cell growth and invasion of gastric cancer cells *in vitro*. (A) miR-29a expression in GES-1, SGC-7901 and MKN-45 cells. Lv-miR29a: lentivirus carrying pre-miR-29a; Lv-CEL: lentivirus carrying non-specific cel-mir-67. (B) Cell growth evaluated by MTT assays. The viabilities of SCG-7901-Lv-miR29a and MKN45-Lv-miR29a cells were both significantly decreased and the highest inhibitory rates were 30.85 ± 6.44 and 22.08 ± 2.67% on day 6, respectively. (C) miR-29a inhibits cell invasion *in vitro*. Gastric cancer cells were first infected with lentivirus carrying pre-miR-29a or cel-mir-67 alone and then were tested for invasion ability in matrigel chambers as described in Materials and Methods.](BMB-47-39-g0002){#F0002}

![Identification of VEGF-A as direct targets for miR-29a. (A) miR-29a binding to VEGF-A 3'UTR. (B) Alignment of miR-29a with VEGF-A at the 3'-UTR and the mutation site of seed area. (C) Relative expression level of miR-29a in HEK-293 cells transfected with different oligo. SC: Scramble oligo as control to miR-29a; miR29a: miR-29a mimic; anti-NC: negative control oligo to anti-miR-29a; anti-29a: anti-miR-29a oligo. (D) Luciferase activity in HEK-293 cells.](BMB-47-39-g0003){#F0003}

miR-29a directly targets VEGF-A expression
------------------------------------------

Therefore we constructed luciferase reporters carrying the VEGF-A 3\'-UTR ([Fig. 3](#F0003){ref-type="fig"}B). The luciferase assay showed that the exogenous miR-29a gave a significant reduction of the luciferase activity (0.55 ± 0.10 vs. 0.97 ± 0.06, P ＜ 0.01, [Fig. 3](#F0003){ref-type="fig"}D). But the luciferase activity restored when the anti-miR-29a oligo was transfected along with the miR-29a mimic ([Fig. 3](#F0003){ref-type="fig"}D). To further confirm that miR-29a-mediated reduction of the luciferase activity is due to direct interaction between miR-29a and its putative binding site, we mutated the miR-29a binding site by site-directed mutagenesis ([Fig. 3](#F0003){ref-type="fig"}B). As expected, the miR-29a-mediated suppression of the luciferase activity was abolished in mutation type compared to scrambled oligo (1.00 ± 0.07 vs. 1.05 ± 0.04, P ＞ 0.05, [Fig. 3](#F0003){ref-type="fig"}D), suggesting that the miR-29a binding site is critical for miR-29a-mediated suppression. We also examined the VEGF-A expression in mRNA and protein level by using real-time PCR and western blot. As shown in [Fig. 4](#F0004){ref-type="fig"}A, exogenous expression of miR-29a down-regulated the VEGF-A mRNA level significantly, as well as the VEGF-A protein ([Fig. 4](#F0004){ref-type="fig"}B).

![mRNA and protein expression of VEGF-A in gastric cancer cells infected with Lv-miR29a. (A) VEGF-A mRNA expression. (B) VEGF-A protein expression. Gastric cancer cell line SGC-7901 or MKN-45 cells were infected with Lv-miR29a and then subjected to mRNA expression assay by real-time PCR or protein expression assay by Western blotting respectively. GAPDH and U6 were used as an internal loading control. A reproducible result was obtained in three independent experiments.](BMB-47-39-g0004){#F0004}

DISCUSSION
==========

Growing evidence has indicated that aberrant expression of certain miRNAs is directly associated with some cancers [@B019]. In addition to the role in cancer, miR-29a is also involved in diabetes [@B020],[@B021], myogenesis, apoptosis, rhabdomyosarcoma, osteoblastic differentiation, sclerosis [@B022], Alzheimer\'s disease [@B023],[@B024], HIV-1 replication [@B025], HCV eplication [@B026], cardiac or liver [@B027] fibrosis and tumorigenesis [@B013]. Results of this study show the down-regulated expression of miR-29a in gastric cancer with/without metastasis, and its negative relationship with MVD. These findings suggest miR-29a may be a potential suppressor in gastric cancer. To confirm this notion, we demonstrate that ectopic expression of miR-29a suppresses proliferation and invasiveness in gastric cancer cells. Moreover, our results show the expression level of miR-29a inversely correlates to the microvessel density in gastric cancer, suggesting miR-29a takes a role in the inhibition of angiogenesis. Angiogenesis is an early event in tumorigenesis and can facilitates tumor progression and metastasis. To understand the molecular mechanisms of miR-29a suppressing the gastric cancer cells, we searched for putative miR-29a targets by the combination of online target gene prediction softwares and VEGF-A was predicted to be a potential target gene of miR-29a. Further luciferase assays and western blot results confirmed that miR-29a can suppress the endogenous expression level of VEGF-A by binding to the 3'-untranslated region of VEGF-A. Since VEGF-A is an important invasion and metastasis factor in angiogenesis and tumor metastasis, it is easy to understand that the reduced level of VEGF-A could contribute to the observed suppression of cell invasion *in vitro* and *in vivo* [@B028],[@B029]. Taken together, we find miR-29a can suppress the angiogenesis in gastric cancer by inhibiting the target gene VEGF-A, which consequently represses the growth and invasion of gastric cancer cells. What's more, higher expression of VEGF-A and higher microvessel density is a poor prognostic indicator [@B030],[@B031]. Therefore, identification of VEGF-A as a direct target for miR-29a may imply that miR-29a is a novel target for gastric cancer therapy and prognostic indicator.

Since a single miRNA can post-transcriptionally suppress multiple targets, it is probably that miR-29a may also target other tumor-promoting genes simultaneously to inhibit gastric cancer growth in addition to the VEGF-A. For example, a recent report indicates that miR-29a represses Ppm1d phosphatase, which in turn enhances p53 activity and suppresses the growth of liver cancer cells [@B032]. Cui *et al*. [@B033] found miR-29a inhibits cell proliferation and induces cell cycle arrest through the down-regulation of p42.3 in human gastric cancer. Therefore the observed miR-29a-mediated inhibition of gastric cancer growth and metastasis is likely due to simultaneous targeting of multiple targets, which may explains slightly expression level change of miR-29a can induce great effects. Further efforts are needed to identify the other possible target genes of miR-29a in suppressing gastric cancer progress.

MATERIALS AND METHODS
=====================

Ethics statement
----------------

All experimental procedures were approved by the Institutional Review Board of the 324^th^ Hospital of PLA. Written informed consent was obtained for all patient and healthy donor samples.

Clinical samples
----------------

Forty-six patients (34 males and 12 females) who had undergone gastrectomy with lymph node dissection for gastric carcinoma and 15 healthy donors at 324^th^ Hospital in 2010 were included in the study. None of the patients received preoperative chemotherapy.

Cell culture
------------

The following cell lines were from the American Type Culture Collection and cultured according to the vendor\'s instructions: GES-1, SGC-7901, MKN45, and HEK-293 cells.

Real-time RT-PCR
----------------

Total RNA from the frozen tissues or cultured cells was isolated with mirVana^TM^ PARIS^TM^ Kit (Ambion, USA) according to the manufacturer's instructions. RNA was first reversely transcribed into cDNA by using RT reagent Kit (TOYOBO, Japan). Then the cDNA was subjected to real-time PCR with an SYBR^Ⓡ^ Green Realtime PCR Master Mix kit (TOYOBO, Japan) in an ABI PRISM 7500 system (Applied Biosystems, USA) by using the miR-29a primers set and U6 primers set (Ribobio, China). Human VEGF-A primers for RT-PCR were produced by the Sangon Inc., Shanghai, China. The sequence of VEGFA reverse primer is [@B034] : 5'-ATGATTCTGCCCTCCTCCTT-3'; and the forward primer is: 5'-CCTTGCTGCTCTACC TCCAC-3' (74 bp). The relative quantification of RNA expression was calculated using the 2^-ΔΔCt^ method [@B035].

Microvascular density assessment
--------------------------------

Microvascular density (MVD) assessment by CD34 immunohistochemical staining was performed as described by Weidner et al [@B036]. The entire section was scanned at low power (100×) to identify the hot spots. An average count in five hot spots was calculated as MVD at power 400× magnification. Single endothelial cell, endothelial cell clusters and microvessels in the tumor were counted. Peritumoral vascularity, vascularity in areas of necrosis and vessels with thick smooth muscle or in a diameter larger than eight erythrocytes was not scored. All counts were made by three pathologists who had no knowledge of the corresponding clinicopathologic data.

miRNA oligo and lentiviral constructs design and cell transfection
------------------------------------------------------------------

The miR-29a mimic oligo and anti-miR-29a, along with the negative control oligo, were purchased from RiboBio (Guangzhou, China). The Lipofectamine^Ⓡ^ 2000 (Invitrogen, USA) was used for miRNA oligo transfection according to the manufacturer's manual. Lentiviral constructs containing pre-miR-29a (Lv-miR29a) was purchased from GeneChem Inc., Shanghai, China. A construct including the nonspecific cel-mir-67 (99 bp, MI0000038) was used as a negative control (Lv-CEL) [@B037]. These viruses were used to infect gastric cancer cells at multiplicity of infection (MOI) of 10 and the infection efficiency was 100%.

Cell proliferation assay
------------------------

The cell viability of gastric cancer cells was measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma, USA) assay as described previously [@B038]. Optical densities were determined on a Versamax microplate reader (Molecular Devices, Sunnyvale, CA) at 490 nm.

Invasion assay
--------------

The invasion ability of gastric cancer cells was determined using matrigel invasion chambers (BD Biosciences, USA). Gastric cancer cells were seeded into inserts at 5 × 10^4^ per insert in serum-free medium and then transferred to wells filled with the culture medium containing 10% FBS. After 24 h of incubation, non-invading cells on the top of the membrane were removed by scraping. Invaded cells on the bottom of the membrane were fixed, followed by staining with 0.05% crystal violet. The number of invaded cells on the membrane was then counted under a microscope.

Luc-VEGFA vector
----------------

We amplified a 343-bp VEGFA 3\'-UTR from SGC-7901 cells cDNA using the following PCR primers: VEGFA3-UTR-5, 5\'-ATCGGTGACAGTCACTAG-3\' and VEGFA3-UTR-3, 5\'-TACGGATAAACAGTAGCA-3\'. The amplified fragment was first cloned into pCR2.1-TOPO vector (Invitrogen, USA) and subsequently cloned into the SpeI and HindIII sites of the pMIR-REPORT miRNA expression reporter vector (Applied Biosystems, USA). The first six nucleotides complementary to the miR-29a seed-region were mutated from the mutant constructs using the QuikChange Site-Directed Mutagenesis Kit (Stratagene, USA).

Luciferase assay
----------------

HEK-293 cells were seeded in 24-well plates 24 h before transfection. Luciferase reporter plasmid (Luc-VEGFA) and pRL-TK control plasmid (Promega) were cotransfected into HEK-293 cells along with scrambled RNA oligo negative control, or miR-29a mimic, or anti-miR29a oligo (RiboBio, Guangzhou, China) by using the Lipofectamine^Ⓡ^ 2000. Cells were harvested 48 h after transfection. Luciferase activity was determined using Dual-luciferase assay system (Promega) according to the manufacturer's instruction.

Western blot
------------

For western blot analysis, total protein was extracted from gastric cancer cells by using RIPA buffer (50 mM TrisC1, 50 mM NaCl, 10% glycerol, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 10 mM NaF, 0.4 mM EDTA, pH 8.0, with leupeptin and aprotinin) and centrifuged at 10,000 × g for 10 min. Samples with 25 μg of total protein were resolved by SDS-PAGE on a 10% gel and transferred onto an NC membrane. The membrane was probed with 1：500 goat primary antibodies against human VEGF-A (sc-152, Sant-Cruz, US), followed the secondary HRP-conjugated anti-goat antibody (Sant-Cruz). Signals were detected using the ECL western blotting analysis system (Amersham Biosciences, USA). GAPDH was used as an endogenous protein for normalization.

Statistical analysis
--------------------

All data are presented as means ± SE and were analyzed using Prism 5.0 software (GraphPad). The significance of the observed differences was determined with the Student's *t*-test. The relationships between the miR-29a and microvessel density were performed Pearson correlation analysis. P ＜ 0.05 was considered statistically significant (\*P ＜ 0.05; \*\*P ＜ 0.01).
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